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Abstract: The interferon-inducible transmembrane (IFITM) proteins 1, 2 and 3 inhibit the 
host cell entry of several enveloped viruses, potentially by promoting the accumulation of 
cholesterol in endosomal compartments. IFITM3 is essential for control of influenza vims 
infection in mice and humans. In contrast, the role of IFITM proteins in coronavims infection 
is less well defined. Employing a retroviral vector system for analysis of coronavims entry, 
we investigated the susceptibility of human-adapted and emerging coronaviruses to inhibition 
by IFITM proteins. We found that entry of the recently emerged Middle East respiratory 
syndrome coronavims (MERS-CoV) is sensitive to inhibition by IFITM proteins. In 293T 
cells, IFITM-mediated inhibition of cellular entry of the emerging MERS- and SARS-CoV 
was less efficient than blockade of entry of the globally circulating human coronaviruses 
229E and NE63. Similar differences were not observed in A549 cells, suggesting that cellular 
context and/or IFITM expression levels can impact inhibition efficiency. The differential 
IFITM-sensitivity of coronaviruses observed in 293T cells afforded the opportunity to 
investigate whether efficiency of entry inhibition by IFITMs and endosomal cholesterol 
accumulation correlate. No such correlation was observed. Furthermore, entry mediated by 
the influenza vims hemagglutinin was robustly inhibited by IFITM3 but was insensitive 
to accumulation of endosomal cholesterol, indicating that modulation of cholesterol 
synthesis/transport did not account for the antiviral activity of IFITM3. Collectively, these 
results show that the emerging MERS-CoV is a target of the antiviral activity of IFITM 
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proteins and demonstrate that mechanisms other than accumulation of endosomal cholesterol 
can contribute to viral entry inhibition by IFITMs. 
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1. Introduction 

Coronaviruses are enveloped, positive-sense RNA viruses, which infect birds and mammals [1]. 
The human coronaviruses (hCoV) 229E, OC43, NL63, and HKU1 are adapted to spread in the 
human population and circulate globally [1,2]. These viruses cause the common cold, although 
immunocompromised patients and the elderly occasionally develop more severe disease [3-8], In contrast, 
the emerging coronaviruses severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) and 
Middle East respiratory syndrome (MERS) coronavirus (MERS-CoV) were relatively recently 
transmitted from bats via intermediate hosts to humans, and can induce severe disease in afflicted 
patients [9-11]. Thus, the SARS outbreak in 2002/2003 was associated with 8096 infections and 774 
deaths (case-fatality rate of 9.6%) [12], and the ongoing MERS epidemic, thus far, entails 837 
laboratory confirmed infections of which 291 were fatal (as of 23 July 2014), resulting in a 
case-fatality rate of 35% [13]. 

The interferon (IFN) response is an integral component of innate immunity against viral infections 
and the differential pathogenicity of human coronaviruses and emerging coronaviruses might, at least 
in part, stem from differential susceptibility to inhibition by IFN-induced antiviral effector molecules. 
The interferon-induced transmembrane proteins (IFITM) 1 to 3 inhibit infection of several enveloped 
viruses [14-16], including hCoV-229E [17] and SARS-CoV [18]. Inhibition usually occurs at the 
stage of viral entry [14,19], specifically during fusion of the viral membrane with an endosomal 
membrane [20,21], and might be due to an IFITM-induced accumulation of cholesterol in late 
endosomes [22]. Expression of IFITM3 is essential for efficient control of influenza A virus 
(FLUAV) [23,24] and respiratory syncytial virus (RSV) [25] infection in mice and polymorphisms in 
the IFITM3 locus were found to be associated with the severity of influenza in humans [25]. Although 
the latter results are controversial [26], these observations indicate that IFITM3 can play an important 
role in host control of respiratory viruses. 

Here, we used vector systems to analyze whether human coronaviruses and emerging coronaviruses 
are differentially inhibited by IFITM proteins and cationic amphiphiles, which induce accumulation of 
endosomal cholesterol [27]. We found that cellular entry of MERS-CoV was sensitive to inhibition 
by IFITMs, and observed that, at least in IFITM-transduced 293T cells, IFITM-dependent inhibition of 
human coronaviruses was more efficient than inhibition of emerging coronaviruses. However, the 
relative sensitivities to inhibition by IFITMs and endosomal cholesterol accumulation did not correlate. 
Finally, we obtained evidence that cellular entry of influenza A virus (FLUAV), which is IFITM-sensitive, 
cannot be blocked by certain compounds which induce endosomal cholesterol accumulation, suggesting 
that IFITMs can interfere with viral entry in a manner independent of endosomal cholesterol levels. 
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2. Results 

The embryonic kidney cell line 293T can be readily transfected and transduced and was, thus, 
chosen as the main tool for the present study. For directed expression of IFITM1, 2 and 3 in 293T 
cells, a retroviral vector system was employed. Western blot analysis of cells transduced with IFITM1, 
2 and 3 variants, bearing a C-terminal c-myc tag, revealed robust expression of all IFITM proteins, 
although expression of IFITM3 was most efficient (Figure 1A). Similar results were obtained when cells 
transduced to express untagged IFITM proteins were analyzed, employing an IFITM 1-specific antibody 
and an antiserum raised against IFITM2, which is cross-reactive with IFITM3 (Figure IB). Moreover, 
this analysis revealed that endogenous expression of IFITM proteins in 293T cells was low or absent 
(Figure IB). In order to test if the IFITM proteins unfold the expected antiviral activity, the IFITM-positive 
cells were transduced with retroviral vectors bearing the hemagglutinin (HA) of influenza A virus 
(FLUAV), the glycoprotein of the vesicular stomatitis virus (VSV-G), the envelope protein (Env) of 
murine leukemia virus (MLV) or the glycoproteins of Machupo virus (MACV-GPC) and Lassa virus 
(LASV-GPC). Cells expressing IFITM proteins without myc-tag were used for this experiment and 
all subsequent studies, since the tag might interfere with the antiviral activity of IFITMs. Expression 
of IFITM3 and to a lesser degree IFITM1 and 2 reduced entry driven by FLUAV-HA and VSV-G 
(Figure 1C), as expected [14]. In contrast, entry driven by MLV-Env, LASV-GPC or MACV-GPC was 
not inhibited (Figure 1C), again in keeping with published results [14], indicating that our experimental 
system was suitable for the analysis of the antiviral activity of IFITM proteins. 

We next assessed whether the cellular entry driven by the S proteins of the human coronaviruses 
229E and NL63 (229E-S, NL63-S) and the S proteins of the emerging coronaviruses SARS-CoV and 
MERS-CoV is differentially inhibited by IFITMs. Expression of all IFITM proteins reduced 229E-S- and 
NL63-S-driven entry about 40% to 70% (Figure 2). In contrast, IFITM 1- and IFITM3-mediated 
inhibition of entry driven by SARS-S and MERS-S was inefficient (although in the case of 
SARS-S/IFITM1 statistically significant) and entry driven by these glycoproteins was only reduced to 
about 50% upon expression of IFITM2 (Figure 2). We next analyzed if the differential sensitivity to 
inhibition by IFITM proteins can also be detected in the context of a lung-derived cell line. For this, 
we engineered the human lung adenocarcinoma cell line A549 to stably express IFITM3 and analyzed 
the effects of an IFITM3-specific siRNA on S protein-mediated transduction. Transfection of parental 
A549 control cells with IFITM3 siRNA slightly increased transduction efficiency compared to cells 
transfected with scrambled, control siRNA. However, this effect was also observed with pseudotypes 
bearing the IFITM-insensitive MLV envelope protein and the IFITM-sensitive FLUAV-HA and was, 
thus, most likely unspecific. In contrast, transfection of A549-IFITM3 cells with IFITM3 siRNA 
efficiently increased HA- but not MLV-Env-driven transduction, indicating that an IFITM3-dependent 
block to viral entry was operative in these cells. Notably, entry into A549-IFITM3 cells driven by all S 
proteins studied was comparably augmented by IFITM3-specific siRNA, suggesting that the S proteins 
from globally circulating and emerging coronaviruses are comparably sensitive to inhibition by IFITM3 
in this cellular system. In sum, 293T but not A549 cell entry driven by S proteins from human 
coronaviruses is more susceptible to inhibition by IFITM proteins than entry driven by the S proteins of 
emerging coronaviruses. Whether this differential IFITM sensitivity is due to differences in the 
expression levels of IFITM3, or other cellular components, remains to be determined. 



Viruses 2014, 6 


3686 


It has been suggested that IFITMs inhibit viral entry into host cells by accumulating cholesterol 
within late endosomes [22]. We, therefore, investigated whether entry driven by the S proteins of 
globally circulating and emerging coronaviruses is differentially susceptible to inhibition by U18666A, a 
cationic amphiphilic drug, which induces the accumulation of cholesterol in late endosomes/lysosomes 
[27], and has been previously studied in the context of Ebola virus entry [28,29]. However, entry into 
293T cells driven by the S proteins of the globally circulating hCoV-NL63 and 229E and the emerging 
MERS-CoV was comparably inhibited by U18666A, while inhibition of SARS-S-driven entry was most 
efficient (Figure 3A). Cytotoxic effects were not observed (Figure 3B). Thus, differential sensitivity to 
endosomal cholesterol might not account for the differential susceptibility of these S proteins to inhibition 
by IFITMs. 
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Figure 1. IFITM expression and antiviral activity. (A) 293T cells were transiently 
transduced with retroviral vectors encoding IFITM 1, 2 or 3 with a C-terminal c-myc tag or 
chloramphenicol acetyltransferase (cat) as control. Expression of IFITM proteins in cell 
lysates was determined by Western blot analysis, employing a myc-specific antibody. 
Expression of beta-actin was assessed as a loading control. Comparable results were obtained 
in a separate experiment; (B) The experiment was carried out as described for panel (A) 
but cells were transduced with vectors encoding IFITM proteins without antigenic tag, and 
IFITM expression was analyzed with an IFITM 1-specific monoclonal antibody and an 
antiserum raised against IFITM2, which is cross-reactive with IFITM3. Similar results were 
obtained in an independent experiment (C) 293T cells, transiently transduced to express 
IFITM 1, 2 or 3, or cat as described for panel (B), were transduced with infectivity- 
normalized MLV vectors encoding firefly luciferase and bearing the entry proteins of murine 
leukemia virus (MLV), Lassa virus (LASV), Machupo virus (MACV), vesicular stomatitis 
virus (VSV) or influenza A virus (FLUAV). At 72 h post inoculation, the transduction 
efficiency was determined by measuring luciferase activities in cell lysates. The average of 
four independent experiments, each carried out with triplicate samples, is shown. Error 
bars indicate standard error of the mean (SEM). 








































Viruses 2014, 6 


3687 




A549 Control A549IFITM3 


Control IFITM3 Control IFITM3 



IFITM3 


P-Actin 


C) 


A549 Control 


A549IFITM3 


o 

5 

3 


C 

K 


U 

> 

•■c 

B £ 


12 

10 



* 


* 


* 




* 

* 

h r 


* 

4 

* 












NX63-S 229E-S SARS-SMERS-S MLV FLUAV 
'- 1 1 - 1 -Euv HA 


NX63-S 229E-S SARS-S MERS-S MLV FLUAV 
1 -> 1 - 1 -Env -HA 


Globally 

Circulating 


Emerging Globally Emerging 

Circulating 

■ Control siRNA □ IFITM3 siRNA 


Figure 2. Inhibition of S protein-driven cell entry by IFITM proteins. (A) 293T cells, 
transfected to express the viral receptors and transduced to express IFITM 1, 2, 3, or cat as 
control, were transduced with infectivity-normalized retroviral vectors bearing the S proteins 
of the globally circulating human coronaviruses NL63 and 229E as well as the S proteins of 
the emerging SARS- and MERS-CoV. Transduction efficiency was determined at 72 h post 
inoculation by measuring luciferase activity in cell lysates. Transduction of control cells was 
set as 100%. The average of three independent experiments carried out with triplicate 
samples is shown, error bars indicate SEM. Statistical significance was calculated using one 
tailed, paired t-test. * p < 0.05; ** p < 0.01; (B) A549 wild type cells (control) and A549 
cells transduced to stably express IFITM3 were transfected with siRNA directed against 
IFITM3. Scrambled siRNA were used as a control. Knockdown of IFITM3 expression was 
analyzed by Western blot. Detection of p-actin served as a loading control; (C) A549 
control cells or A549-IFITM3 cells were transfected with siRNA directed against IFITM3 or 
scrambled siRNA as control. Cells were then transduced with the retroviral vectors described 
in (A). Transduction efficiency was analyzed at 72 h post transduction. Transduction of 
cells transfected with the scrambled siRNA was set as 1. The average of three independent 
experiments performed with triplicate samples is shown; error bars indicate SEM. The 
Welch-Test for independent samples was used to determine whether the effects of the 
siRNAs on transduction of A549 control and A549-IFITM3 cells were significantly different. 
*/?<0.05; **/?<0.01. 
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Figure 3. Sensitivity of S protein-driven entry to inhibition by IFITMs and U18666A do 
not correlate. (A) 293T cells expressing the viral receptors were treated with the indicated 
concentrations of U18666A, which increases endosomal cholesterol levels, and then 
transduced with retroviral particles bearing the indicated glycoproteins. Transduction 
efficiency was analyzed at 72 h post inoculation by determining luciferase activities in 
cell lysates. The average of two (NL63-S, 229E-S) to four (SARS-S, MERS-S) separate 
experiments carried out with triplicate samples are shown. Error bars indicate SEM. 

(B) Cytotoxicity of the indicated concentrations of U18666A or equal volumes of the solvent 
DMSO were measured under the conditions specified in (A) using an MTT reduction assay. 

The result of a single experiment carried out with triplicate samples is shown; error bars 
indicate standard deviation (SD). Similar results were obtained in two separate experiments. 

In order to further assess whether the sensitivity of viral entry to inhibition by IFITMs and increased 
cholesterol in late endosomes correlate, we investigated the impact of the cationic amphiphilic drugs 
clomiphene and terconazole on transduction efficiency, which, like U18666A, were found to induce 
cholesterol accumulation in late endosomes [29]. Both inhibitors reduced 293T cell entry driven by all 
coronavirus S proteins studied (Figure 4), and the relative inhibition efficiencies did not correlate with 
the sensitivities to inhibition by IFITMs, which were measured in the same cellular system (Figure 2). 
Moreover, although inhibitor sensitivity of MLV-Env and Zaire ebolavirus (EBOV)-GP-driven entry 
paralleled IFITM sensitivity, both clomiphene and terconazole either increased or had no effect on 
FLUAV-HA-dependent transduction (Figure 4), which is highly sensitive to inhibition by IFITM3 
(Figure 1). Finally, filipin-staining of U18666A-, clomiphene- and terconazole-treated cells confirmed 
that these compounds indeed induced accumulation of cholesterol in intracellular compartments 
(Figure 5), as expected [29]. In sum, sensitivity of S protein- and, particularly, FLUAV-HA-driven 
entry to IFITM expression and endosomal cholesterol accumulation are not linked, indicating that 
modulation of cholesterol trafficking by IFITM proteins might not account for their ability to inhibit 
entry of certain viruses. 
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Figure 4. The relative sensitivities of coronavirus S protein- and FLUAV-HA-driven entry to 
inhibition by IFITMs and the cholesterol trafficking inhibitors clomiphene and terconazole do 
not correlate. 293T cells transfected to express the viral receptors were treated with the 
indicated concentrations of clomiphene (A) or terconazole (B), which increase endosomal 
cholesterol levels, and then transduced with retroviral particles bearing the indicated 
glycoproteins. Transduction efficiency was analyzed at 72 h post inoculation by determining 
luciferase activities in cell lysates. The average of three (clomiphene) or four (terconazole) 
independent experiments carried out with triplicate samples is shown. Error bars indicate SEM. 
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Figure 5. Cholesterol trafficking inhibitors induce accumulation of intracellular cholesterol. 

Cos7 cells were treated with either DMSO (mock) or the indicated inhibitors for 21 h at a 
concentration of 10 pM (terconazole, clomiphene) or 2.5 pM (U18666A). Cells were then 
fixed, stained with filipin III (blue) and staining analyzed by fluorescence microscopy 
using equal exposure times. 

3. Discussion 

The IFITM proteins are IFN-induced effector molecules, which play an important role in the control 
of infection by FLUAV [23,24], RSV [25] and potentially other respiratory viruses. Here, we show 
that host cell entry driven by the S protein of the emerging, highly-pathogenic MERS-CoV is inhibited 
by IFITM proteins. In addition, we provide evidence that the S proteins of emerging coronaviruses 
might generally be less susceptible to inhibition by IFITM proteins than their counterparts in human 
coronaviruses, although these effects were dependent on the experimental system used. Moreover, 
we report that the relative susceptibilities of coronavirus S proteins to inhibition by IFITM proteins 
and compounds, which increase cholesterol levels in late endosomes [27], do not correlate. Moreover, 
entry driven by FLUAV-HA was insensitive to accumulation of endosomal cholesterol induced by some 
compounds despite high sensitivity to blockade by IFITM3. These observations identify MERS-CoV as 
a target for the antiviral activity of IFITM proteins and indicate that modulation of endosomal cholesterol 
levels might not be the only mechanism by which IFITM proteins can block viral entry. 

For directed expression of IFITM proteins in target cells, we opted for retroviral transduction, 
which routinely allowed transgene expression in virtually all inoculated cells, as judged by employing a 
GFP-encoding vector (98.6% ± 0.7% GFP-positive cells, average of three independent experiments). 
Analysis of IFITM expression using an antibody directed against a C-terminal antigenic tag revealed 
that under the conditions chosen IFITM3 expression was most efficient while expression of IFITM 1 
and particularly IFITM2 was less robust. Similar results were obtained when expression of untagged 
proteins was detennined, employing IFITM-specific antibodies. A more prominent expression of 
IFITM3 relative to IFITM1 and 2 in transduced 293T cells was also reported by a previous study [18], 
but the differences observed were less pronounced. Transduction of target cells with IFITM-encoding 
vectors consistently inhibited VSV-G- and FLUAV-HA-driven entry, with IFITM 1 being least active 
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and IFITM3 exerting the most prominent antiviral activity, as expected [14]. In contrast, entry driven by 
MLV-Env, MACV-GPC and LASV-GPC was not appreciably inhibited, again in keeping with published 
data [14]. Thus, the conditions established allowed assessment of the antiviral activity of 
IFITM proteins. 

Expression of IFITM proteins in target cells inhibited entry driven by the S protein of MERS-CoV, 
indicating that IFITMs might contribute to the innate defenses against MERS-CoV invasion. This 
finding was not necessarily to be expected in light of a very recent report demonstrating that IFN 
treatment can increase host cell entry of the human coronavirus OC43 in an IFITM2/3-dependent 
fashion [30]. Comparison of S proteins from human and emerging coronaviruses for inhibition by IFITM 
proteins revealed consistent differences: Entry into 293T cells driven by the S proteins of hCoV-NL63 
and hCoV-229E was uniformly and efficiently inhibited by expression of all IFITM proteins while 
entry driven by the S proteins of the emerging coronaviruses SARS-CoV and MERS-CoV was only 
appreciably reduced by expression of IFITM2, although it needs to be noted that IFITM 1-dependent 
inhibition of SARS-S-driven transduction was statistically significant. In addition, the efficiency of 
entry inhibition by IFITM proteins depends on the expression level [17] and it cannot be excluded that 
blockade of SARS-S- and MERS-S-driven entry by IFITM proteins will be more prominent in cells 
expressing higher levels of these proteins. Nevertheless, the robust inhibition of 229E-S mediated entry 
by IFITM 1, 2 and 3 is largely in keeping with a previous study [17]. Similarly, the finding that IFITM2 
inhibits SARS-S-driven entry with markedly higher efficiency than IFITM 1 and IFITM3 matches the 
results of a separate study [31]. In contrast, Huang and colleagues reported that IFITM 1, 2 and 3 can 
all robustly reduce SARS-S-mediated transduction of Vero cells [18]. The reason for these discrepant 
findings is at present unclear. However, substantial inter-experiment variations in the relative inhibition 
of SARS-S-driven entry by IFITM 1, 2 and 3 were observed in the previous study [18] and cell 
type-dependent differences in the antiviral activity of IFITM proteins might play a role. Such a scenario 
is supported by our observation that SARS-S and MERS-S-driven entry was not appreciably inhibited by 
IFITM3 expression in 293T cells while a reduction of IFITM3 expression in A549 cells notably 
augmented entry driven by all S proteins examined. Although these issues require further clarification 
with a particular focus on the relative expression levels of IFITM3 in transduced 293T and A549 cells, 
our results suggest that human coronaviruses (with the exception of hCoV-OC43) and emerging 
coronaviruses might be differentially susceptible to control by IFITM proteins, at least in certain target 
cells. Moreover, our observations are compatible with the concept that the antiviral activity of IFITM 
proteins might depend to some extent on the cellular context. Whether certain polymorphisms in the 
IFITM genes are associated with the severity of SARS or MERS, as reported for influenza [24], remains 
to be examined. 

Expression of IFITM proteins can inhibit the host cell entry of many enveloped viruses [15]. A recent 
study provided insights into the mechanism underlying the broad antiviral activity of IFITM proteins. 
Amini-Bavil-Olyaee and colleagues reported that IFITM proteins bind, via their second transmembrane 
domain, to VAPA (vesicle-membrane-protein-associated protein A) and thereby interrupt the interaction 
of this protein with OSBP (oxysterol-binding protein), which is required for appropriate intracellular 
transport of cholesterol [22]. As a consequence of the disturbed interaction between VAPA and OSBP, 
cholesterol accumulates in late endosomal compartments and thereby blocks fusion of viral membranes 
with endosomal membranes [22]. The compounds U18666A, terconazole and clomiphene also induce 
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accumulation of cholesterol in endosomal compartments [27,29] and were shown to inhibit EBOV entry 
into target cells [28,29]. Moreover, U18666A was found to interfere with FLUAV infection [32,33], Our 
results show that the relative sensitivities of the S proteins of human and emerging coronaviruses to 
inhibition by IFITMs and to accumulation of endosomal cholesterol, induced by U18666A, terconazole 
and clomiphene, do not correlate. In addition, FLUAV-HA-driven entry was blocked by U18666A 
(98.9% ± 0.4% inhibition at 5 pg/mL U18666A, average of two independent experiments), as expected 
[32], but was not sensitive to inhibition by terconazole and clomiphene. These observations suggest that 
the inhibitory activity of U18666A was not due to the induction of cholesterol accumulation in late 
endosomes, in keeping with recently reported findings [21,34], but to another activity of U18666A - 
potentially the elevation of the endosomal pH [35]. Further studies are, therefore, required to elucidate 
how S protein- and HA-driven entry is blocked by IFITM proteins and direct effects of IFITMs on 
membrane fluidity and/or composition are one possibility [21,33,36]. 

4. Experimental Section 

4.1. Cell Culture and Transfection 

Human embryonic kidney 293T cells were maintained in Dulbecco’s minimal essential medium 
(DMEM), supplemented with 10% fetal bovine serum (FBS; PAA, Pasching, Austria; Biochrom, Berlin, 
Germany), 100 U/mL penicillin and 100 pg/mL streptomycin (Cytogen, Sinn, Germany). A549 cells 
stably expressing IFITM3 were created by transducing A549 wild type cells with the retroviral vector 
pQCXIP-IFITM3. Transduced cells were selected using the puromycin-resistance-cassette of the 
pQCXIP vector [14] and were maintained in DMEM containing FBS, penicillin/streptomycin and 
2.5 pg puromycin/mL (Cayman chemical, Ann Arbor, MI, USA). 

4.2. Plasmids 

Plasmids encoding viral envelope proteins from vesicular stomatitis virus (VSV-G), murine leukemia 
virus (MLV-Env), Zaire ebolavirus (EBOV), Lassa virus (LASV-GPC), Machupo virus (MACV-GPC), 
influenza A virus (strain A/WSN/33 (FLUAV-HA)), severe acute respiratory syndrome coronavirus 
(SARS-S, Middle East respiratory syndrome coronavirus (MERS-S), human coronavirus NL63 (NL63-S) 
and human coronavirus 229E (229E-S) have been described previously [18,37-41], Plasmids encoding 
the coronavirus receptors CD 13 (used by hCoV-229E), CD26 (used by MERS-CoV) and ACE2 (used 
by hCoV-NL63 and SARS-CoV) have also been described previously [40,42]. Retroviral pQCXIP 
vectors for expression of IFITM 1, 2 and 3, as well as MLV gag-pol and lirclly-luci (erase encoding MLV 
vector have also been described [14,32,43]. For construction of the control vector pQCXIP-Cat, the cat 
gene was PCR amplified from pDM128-CMV [44] and cloned into pENTR-2B-Dual (Invitrogen, 
Karlsruhe, Germany) via Acc65I and Xhol. Subsequently, the cat sequence was removed from 
pENTR-2B-Dual by Notl and Bglll digest and inserted into pQCXIP previously digested with Notl 
and BamHI. 
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4.3. Western Blot 

For immunoblotting, cells were lysed in Laemmli buffer and boiled for 10-30 min. Cell lysates 
were separated by SDS-PAGE and blotted onto nitrocellulose membranes. Membranes were blocked 
with 5% milk powder in PBS/0.1% Tween. Expression of myc-tagged IFITM proteins was analyzed 
with an antibody directed against the myc-tag [45], Expression of untagged IFITM proteins was 
analyzed employing a monoclonal antibody specific for IFITM 1 and a polyclonal IFITM2 antiserum, 
which is cross-reactive with IFITM3 (Proteintech, Chicago, IL, USA). As loading control, expression 
of P-actin was detected with murine anti P-actin antibody (Sigma-Aldrich, Deisenhofen, Gennany). 
Bound antibodies were detected with horseradish peroxidase-(HRP-)-conjugated secondary antibody 
(Dianova, Hamburg, Germany) and luminescent substrate (Amersham, Amersham, UK). 

4.4. Production of Retroviral Vectors 

For the production of vectors encoding IFITMs, 293T cells were seeded in a T-75 cell culture flask 
at 60%-70% confluency and then cotransfected by calcium-phosphate-precipitation with plasmids 
encoding for MLV gag-pol (9 pg), VSV-G (9 pg) and pQCXIP-based vectors encoding IFITM 
proteins or cat as a control (18 pg). The culture medium was exchanged at 6 h post transfection and 
vector-containing supernatants were harvested at 48 h after transfection. The supernatants were cleared 
by filtration through a 0.45 pm filter and then stored at -80 °C. To produce firefly-luciferase encoding 
vectors bearing different viral glycoproteins, cells were seeded in T-25 cell culture flasks and then 
cotransfected with plasmids encoding for MLV gag-pol (3 pg), a firefly-luciferase harboring MLV 
vector (6 pg), and a plasmid encoding for the viral envelope protein (3 pg). Culture supernatants were 
harvested as described above, normalized for comparable transduction of untreated 293T cells and 
subsequently used for transduction experiments. 

4.5. Transduction Experiments 

To analyze inhibition of viral entry by IFITM proteins, 293T cells cotransfected to express CD26, 
ACE2 and CD 13 were seeded at a density of 10 4 cells per well in 96-well plates. Subsequently, 
preparations of IFITM encoding vectors were spinoculated [46] onto the cells by centrifugation at 4000 x g 
for 30 min, followed by 48 h of incubation at 37 °C. Afterwards, the vector-containing supernatants 
were replaced by 50 pL of fresh culture medium. Thereafter, 50 pL of supernatants containing infectivity 
normalized, luciferase encoding vectors bearing different viral envelope proteins were added and the cells 
incubated for 8 h. Thereafter, the culture supernatants were replaced by 150 pL of fresh culture-medium 
and luciferase activity in cell lysates was measured at 72 h after transduction. 

4.6. Inhibition of Transduction by Cationic Amphiphiles 

To analyze the inhibition of virus glycoprotein-driven entry by the cationic amphiphiles, U18666A 
((3f:S)-3-[2-(Diethylamino)cthoxy]androst-5-cn-17-one hydrochloride) (Merck, Darmstadt, Germany, 
662015), clomiphene (Sigma-Aldrich, C6272) or terconazole (Sigma-Aldrich, 32355), 293T cells 
transfected to express coronavirus receptors were seeded in 96-well plates at a density of 10 4 cells per 
well. One hour before transduction the culture medium was removed and cells were treated with 50 pL 
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of DMEM containing twice the final inhibitor concentration or DMSO as control. Thereafter, the cells 
were inoculated with 50 pL of vector preparations and incubated for 8 h at 37 °C. Finally, the 
transduction medium was replaced by 150 pL of fresh culture medium and luciferase activities in cell 
lysates were determined at 72 h post transduction. 

4. 7. Determination of Cytotoxicity 

Cytotoxic effects of U18666A or DMSO to 293T cells were measured using a MTT (3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction assay [47]. 293T cells were preincubated 
with medium containing U18666A or DMSO at twice the final concentration. After 1 h the same volume 
of medium was added to reach the final inhibitor concentrations and the cells were subsequently 
incubated for 8 h in the presence of the inhibitor. Afterwards the medium was changed and 10 pL of 
MTT stock solution (5 mg/mL) were added. After incubation for 4 h at 37 °C, formazan crystals were 
dissolved by addition of 100 pL acidified isopropanol. Reduction of MTT was analyzed by measuring 
the absorption at 595 mn in an ELISA plate reader. Absorption of untreated cells was set to 100%. 

4.8. Detection of Cholesterol Accumulation 

The accumulation of intracellular cholesterol after treatment with cholesterol trafficking inhibitors 
was analyzed by fluorescence microscopy, using filipin as a dye. For this, 30,000 Cos7 cells per well 
were seeded in 24-well-plates containing glass cover slides. The next day, the cells were treated with the 
inhibitors for 21 h. Cells were then fixed with 4% PFA for 1 h at room temperature. Afterwards, cells 
were washed twice with PBS and then incubated in 50 pg/mL filipin III (Sigma-Aldrich) for 1 h at room 
temperature to stain for cholesterol. Subsequently, cells were washed three times with PBS, and then 
mounted with vectashield mounting medium (Vector laboratories, Burlingame, CA, USA). Microscopic 
analysis of the filipin staining was performed on an Axio Observer.A1 fluorescence microscope (Zeiss, 
Gottingen, Gennany), and equal exposure times were used for imaging of cells treated with the three 
inhibitors tested. 

4.9. siRNA Knockdown ofIFITM3 Expression 

To assess the effects of IFITM3 expression in A549 cells, wild type control cells and A549 cells 
stably transduced to express IFITM3 were transfected (Lipofectamine RNAiMAX, Invitrogen) with 
siRNAs directed against IFITM3 (Santa Cruz, Dallas, TX, USA; sc97053) or scrambled siRNA (Santa 
Cruz; sc37007) as a control. Cells were then analyzed by Western blot for IFITM3 expression, or 
transduced with pseudotyped MLV-particles, as described above. siRNA-mediated knock-down of 
IFITM3 expression was performed according to the manufacturer’s protocols. Shortly, 10,000 cells per 
well were seeded in a 96-well-plate. Cells were then transfected with 1.2 pmol siRNA and 0.2 pL 
Lipofectamine RNAiMAX per well. Transduction with pseudotypes or Western blot analysis of IFITM3 
expression was performed at 48 h after siRNA transfection. 
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5. Conclusions 

The present study shows that cellular entry driven by the S protein of the novel MERS-CoV is 
sensitive to inhibition by IFITM proteins. Moreover, evidence is presented that that human coronaviruses 
229E and NL63 might be more susceptible to inhibition by IFITM proteins than the emerging SARS and 
MERS coronaviruses. Finally, our results demonstrate that mechanisms other than accumulation of 
endosomal cholesterol might be responsible for the inhibition of S protein- and FLUAV-HA-driven entry 
by IFITM proteins. 
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